Normal guinea-pig serum (GPS) lacking detectable antiviral antibody efficiently neutralized the infectivity of influenza B virus grown in chick embryos or MDCK cells. The inhibitor was heat-labile and sensitive to trypsin digestion. This fl-like inhibitor required Ca 2+ and the complement components C 1 and C4 for its activity. In contrast, GPS did not inactivate influenza A virus. Influenza B virus from which the neuraminidase activity of the spikes on the viral envelope had been eliminated by trypsin digestion was also inactivated to a level comparable to untreated virus. Complement component C1 alone bound directly to influenza B virus and inhibited its haemagglutinin activity, We suggest that the fl-like inhibitor in GPS is a component of the classical complement pathway which is triggered by the protein moiety of influenza B virus haemagglutinin, leading to virus neutralization.
INTRODUCTION
A variety of normal animal sera contain non-specific inhibitors of influenza viruses. They have been classified as ~, fl and 7 inhibitors, depending on their chemical composition and properties (Krizanova & Rathova, 1969) . The c~ inhibitor is a sialylated glycoprotein which inhibits haemagglutination by influenza A and B viruses but, unlike fl and ~ inhibitors, does not prevent infection (Francis, 1947) . Its activity is destroyed by neuraminidase (NA) but not by heating for 30 min at 56 °C. The ~ inhibitor was first recognized as a non-specific inhibitor of an H2N2 strain of influenza A virus (Shimojo et al., 1958; Sugiura et al., 1961) and resembles c~ inhibitor in most of its properties. In contrast, the fl inhibitor is apparently not sialylated and is inactivated by heat (56 °C for 30 rain) but not by NA (Chu, 1951) .
It has been reported that certain enveloped viruses interact with the complement system, without the participation of antibody, to activate the classical complement pathway and/or the alternative complement pathway, leading to direct inactivation of the viruses (Cooper, 1979 (Cooper, , 1984 Sissons, 1984) . Judging by physicochemical and biological similarities it is most likely that the fl inhibitor is part of the complement system. Although influenza A and B viruses resemble each other in many structural and biological properties, the inhibitor present in normal animal sera (such as human and mouse sera) neutralizes influenza A viruses but has little effect on influenza B viruses (Chu, 1951 ; Ananthanaryan & Paniker, 1960; Krizanova & Rathova, 1969) . This has led us to investigate whether the fl-like inhibitor against influenza B virus is present in normal animal sera and whether complement is able to inactivate this virus. We present evidence that normal guinea-pig serum (GPS) possesses a fl-like inhibitor which is closely related to elements of the classical complement pathway and that this inactivates influenza B virus but not influenza A virus.
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Virus, virus assay and cell culture. The following influenza virus strains were used in this study: B/Amagusa/64, B/Kagoshima/68, B/Osaka/70, B/Kanagawa/73, A/WSN (H1N1), A/FPV (H7N7) and A/PR8 (HIN1). The viruses were grown in the allantoic cavity of 1 l-day-old chick embryos at 34 °C for 2 days or in MDCK (MadinDarby canine kidney) cells for 2 to 3 days and stored at -80 °C before use. Haemagglutinin (HA) titrations, NA assays and haemagglutination inhibition (HI) tests were performed as described by Maeno & Kilbourne (1970) . Infectivity was titrated by plaque formation on MDCK cell cultures (Shibata et al., 1982 b) grown in Eagle's MEM containing 10~ foetal calf serum.
Virus purification. Virus particles were pelleted by centrifugation at 20000 r.p.m, for 1 h in a SW27 rotor and resuspended in phosphate-buffered saline (PBS) pH 7-2. The virus suspension was layered on a 10 to 40~ linear sucrose gradient in PBS and centrifuged in a SW27 rotor for 1 h at 20000 r.p.m. The visible virus band was collected and diluted with PBS. The virus particles were sedimented by centrifugation at 20 000 r.p.m, for 1 h in a SW27 rotor. The pellet was resuspended in PBS.
U.v. irradiation. One ml of purified virus suspension was placed in a 6 cm dish and exposed to u.v. radiation at a rate of 2.8 J/m 2 .s with occasional shaking.
Guinea-pig serum and its complement components. In the present study we used lyophilized whole GPS purchased from Kyokuto Seiyaku Ltd, Japan. Lyophilized GPS was dissolved in 1 ml of MEM or veronal-buffered saline (VS) pH 7-4. The stock virus preparations were clarified by centrifugation at a low speed, diluted 10-fold with MEM and mixed with an equal volume of GPS. At appropriate times during incubation the mixtures were diluted 100-fold with chilled MEM and examined for infectivity. Complement component CI (1200 CHs0 units) was isolated from fresh whole GPS (Gigli et al., 1976) and suspended in VS containing 1 mM-MgCI2 and 0-15 mMCaC12. GPS complement component C4 (1000 CHso units) was kindly supplied by Dr Moriyama, Osaka Medical College, Osaka, Japan. C4-deficient serum was collected from two guinea-pigs with hereditary C4 deficiency. Complement components and C4-deficient serum were stored at -80 °C. In some experiments 10 m~l-MgCl 2, 10 mM-EGTA or 10 mM-EDTA were added to'GPS.
Treatment of GPS with zymosan. The treatment of GPS with zymosan was carried out according to the method of Inai et al. (1976) . Briefly, zymosan (Sigma) was suspended in saline, boiled for 90 min, and then washed three times with saline. Activated zymosan thus obtained was suspended to 10 mg/ml in GPS containing Mg z+ and EGTA and incubated at 37 °C for 15 min. Zymosan was removed by centrifugation at 3000 r.p.m, and CaCI 2 (0.025 M) was added to the GPS.
Detection of GPS Clq antigen by the peroxidase-conjugated antibody technique. The procedure was carried out according to the method of Hawkes et aL (1982) . Briefly, a test sample (t ~tl) was dotted onto a nitrocellulose filter (Schleicher & Schuell) and dried at room temperature. The filter was soaked in 0.01 i-Tris-buffered saline (TS) pH 7.4 containing 2~ bovine serum albumin (Sigma) overnight at 4 °C, washed with TS, and then soaked in rabbit antiserum against GPS Clq (1:5000 dilution) for 30 min at room temperature. The antiserum was a gift from Dr Yonemasu, Nara Medical College, Nara, Japan. The filter was washed with TS containing 0-05 ~ Tween 20 (TS-T) and incubated with peroxidase-conjugated sheep anti-rabbit IgG (1:2000 dilution) for 30 min at room temperature. After washes with TS-T, the filter was soaked in the substrate solution containing 0.25~ 3,3'-diaminobenzidine-4HC1 and 0.01 ~ hydrogen peroxide in 0.1 i-Tris-HC1 pH 7.4 at room temperature for 3 to 5 min and then washed with distilled water. A positive reaction was detected as a coloured dot against the white filter background.
RESULTS

Neutralization of influenza B virus by normal guinea-pig sera
A 1 : 10 dilution of egg-grown influenza B/Kanagawa virus in MEM was mixed with an equal volume of normal GPS and incubated at 37 °C for 45 min. GPS reduced the infectivity titre by more than 100-fold, but this inactivation did not occur when the mixtures were incubated at 0 °C or when GPS had been heated at 56 °C for 30 min (Table 1) . Essentially the same results were obtained when MDCK-grown B/Kanagawa virus and other influenza B virus strains (B/Amagusa/63, B/Kagoshima/68 and B/Osaka/70) were used (data not shown). There was no significant difference in the inactivation effect among different batches of GPS (data not shown). These results suggest that neutralizing antibody is not responsible for the inactivating effect observed. Kinetic studies showed that inactivation of the virus by GPS reached a maximum level after incubation for 30 min (data not shown). If not stated otherwise, equal volumes of a 1 : 10 dilution of egg-grown influenza B/Kanagawa virus and GPS were incubated at 37 °C for 30 min in all experiments below. A 1 : 10 dilution of GPS was a saturating dose for its .4 x 10 6 GPS + EDTA + Ca 2+ + Mg 2+ 2.0 x 10 ~ GPS + Mg 2+ + EGTA 2-0 x 10 7 GPS + Mg 2+ EGTA + Ca ,-+ 2.9 x 10 s C4-deficient GPS 8.0 x 10 6 C4-deficient GPS + C4 < 1-0 x 10 ~ Zymosan-treated GPS 1.4 x 10 7 Zymosan-treated GPS + C4-deficient GPS 1.5 x 10 6 inactivation effect but 1 : 102 diluted GPS showed no appreciable effect. GPS was inactivated by trypsin (500 ~tg/ml; 36 °C; 30 rain) followed by soybean trypsin inhibitor (500 gg/ml) ( Table 2) . Trypsin inhibitor alone did not inhibit virus infectivity or the inactivation activity of GPS (data not shown).
Neutralization of influenza B virus by complement in GPS
Influenza B virus was incubated with GPS containing EDTA (0.01 r~) and examined for residual infectivity (Table 3) . Under these conditions GPS did not inactivate the virus, but addition of CaC12 (0.025 M) and MgCIz (0.02 ~) to EDTA-treated GPS restored its inactivation activity. When Mg 2÷ and EGTA were added to GPS instead of EDTA, the GPS also failed to inactivate the virus but its activity was restored by the addition of CaC12 (0.025 M) (Table 3) . These results indicate that Ca 2÷ is required for inactivation by GPS. If complement were involved, the pathway of action would be the classical one, which is dependent on both Ca 2÷ and Mg 2÷ ions, rather than the alternative pathway, which requires only Mg 2÷ (Cooper, 1979 (Cooper, , 1984 .
The initial activation of the classical complement pathway converts complement component C1 to its activated state in the presence of Ca z÷; activated C1 then cleaves C4 and C2, the next two reacting components, to form C4b2a in a reaction depending on Mg 2÷. C4b2a subsequently cleaves C3 to its active form C3b which cleaves C5 to generate C5b. The membrane attack pathway is initiated by C5b (Cooper, 1979 (Cooper, , 1984 .
Fresh serum obtained from guinea-pigs with hereditary C4 deficiency showed no appreciable inactivation effect, but when C4 (final concentration 500 CHs0 units) was added to the C4-deficient GPS, the reconstituted serum significantly reduced the infectivity titre (Table 3) . Zymosan, a polysaccharide isolated from yeast, is a potent activator of the alternative complement pathway. It has been found that treatment of serum with zymosan results in selective depletion of C3 and C5 (Inai et al., 1976; Fearon & Austen, 1977) . This led us to investigate whether completion of the C2 step in the classical complement pathway was essential for inactivation of influenza B virus. When GPS was treated with zymosan (see Methods), the serum lost its inactivation activity (Table 3) . But after the addition of an equal volume of C4-deficient GPS, zymosan-treated GPS exhibited inactivation activity, suggesting that the inactivation by GPS may require the completion of the C3 step in the classical pathway, or this together with the membrane attack pathway.
The classical complement pathway is generally triggered by antibody complexed with specific antigens including viruses. Therefore the absorption of putative antibody with purified influenza B virus was carried out to eliminate the possible involvement of antibody. GPS containing EDTA (0.01 M) was incubated with u.v.-irradiated virus suspension (final concentration 3200 HAU) at room temperature for 30 min. The virus particles were sedimented by centrifugation in a SW50 rotor at 24000 r.p.m, for 1 h and then CaCI~ (0-025 M) and MgC12 (0.02 M) were added to the supernatant. Equal volumes of the supernatant and influenza B virus (2.0 x l0 T p.f.u./ml, 6 HAU) were incubated at 37 °C for 30 rain and examined for infectivity. The treated GPS reduced the infectivity titre by more than 100-fold. A parallel experiment showed that when antiserum against influenza B virus was absorbed with the same amount of virus preparation, its HI titre was reduced from 6400 to less than 100.
HA triggers the classical complement pathway
A study was carried out to determine whether HA or NA on the viral envelope triggered the activation of the classical complement pathway. A previous paper (Shibata et al., 1982a) has shown that trypsin digestion of influenza B virus results in the selective removal from virions of the enzyme-active portion of the NA molecule. Trypsin (500 gg/ml) was added to purified MDCK-grown virus suspension and the mixture was incubated at 36 °C for 30 rain. After the addition of soybean trypsin inhibitor (500 ~tg/ml), the virus suspension was centrifuged in a SW50 rotor at 24000 r.p.m, for 1 h. The virus pellet was resuspended in the original volume of PBS and tested for viral activities. More than 97 ~ of the virus-associated NA activity was lost but HA activity was comparable to that of untreated virus. Its infectivity was enhanced, possibly due to the cleavage of HA by trypsin. The treated virus sample was tested for its response to GPS, and was found to be inactivated to a level comparable to untreated virus, suggesting that inactivation by GPS is induced by the interaction of HA with complement.
Effect of GPS and C1 on HA activity of influenza B/Kanagawa
When influenza B virus was incubated with GPS at 0 °C or 37 °C for 30 rain, HA activity was completely inhibited (Table 4 ). The addition of EDTA (0.0t M) after incubation at 0 °C restored HA activity, but neither HA activity nor infectivity was recovered by the addition of EDTA (0.01 M) after incubation at 37 °C. Table 4 also shows that the first complement component C1 inhibited the HA activity, independently of the incubation temperature, but HA activity was readily recovered by the addition of EDTA (0.01 M) at either incubation temperature. C1 is composed of subunits C 1 q, C l r and C 1 s; the latter two subunits are bound to C1 q via a Ca 2 + ion, which recognizes the activator (Cooper, 1979 (Cooper, , 1984 . It is probable that the interaction of C1 with the virus sterically hindered binding of HA to the receptor on red cells, but it was not clear whether this was reversed because C 1 r and C 1 s dissociated from C 1 q on the addition of EDTA or because C1 was released. The former possibility was found to be more likely. Equal volumes (25 ~1) of purified virus suspension and C1 were incubated at 0 °C for 30 min and layered on 20~ sucrose in VS containing 0-15 mM-CaC12 and 1 mM-MgC12, followed by centrifugation at 24000 r.p.m, for 1 h in a SW50 rotor. The pellet was resuspended in the original volume of PBS and a sample (1 gl) of the suspension was dotted onto a nitrocellulose filter. The dot was incubated first with rabbit antiserum against GPS Clq, second with peroxidase-conjugated sheep anti-rabbit IgG, and finally with the substrate. A coloured dot appeared on the white filter (Fig. 1 a) . When EDTA was added to the mixture after the virus-C1 incubation, a coloured dot was also detected (Fig. 1 b) . In parallel experiments the separate centrifugation of virus suspension and C 1 resulted in no development of colour ( Fig. 1 c, d ). These results also show that C 1 could bind to influenza B virus in the absence of antibody.
Failure of GPS to inactivate influenza A viruses
We also studied the effect of GPS on the infectivity of influenza A viruses. The viruses were diluted 1 : 10 with MEM, incubated with GPS at 37 °C for 30 min, and examined for remaining infectivity. As shown in Table 5 , GPS inactivated the influenza A viruses by less than threefold under conditions in which GPS reduced the infectivity of influenza B virus by more than 103-fold. Both GPS and C1 inhibited little of the HA activity of A/WSN when incubated at 0 °C (Table 4) .
DISCUSSION
The present study showed that influenza B/Kanagawa virus was efficiently neutralized by normal GPS lacking detectable antiviral antibody. This inactivation occurred only when virus and serum were incubated at 37 °C, and the inhibitor was heat-labile and sensitive to trypsin digestion. These features suggest a fl inhibitor (Chu, 195l) and the inhibitor in GPS acting against influenza B virus was found to be the complement system.
The complement system consists of 20 different protein components that must be activated to produce their biological effects. There are two activation pathways, the classical complement pathway and the alternative pathway, and a terminal membrane attack pathway. The classical complement pathway depends on both Ca 2÷ and Mg 2÷ ions and is driven by a series of enzymes which are generally formed from inactive complement precursors C1, C4, C2 and C3 by limited proteolytic cleavage by other complement enzymes. The alternative complement pathway depends on Mg 2÷ and involves the interaction of C3, Factor B and Factor D in the absence of antibody, leading to formation of C3bBb (Cooper, 1979 (Cooper, , 1984 Sissons, 1984) . C4-deficient GPS had no ability to inactivate influenza B virus but it drastically inactivated the virus after the addition of C4, indicating that the inactivation activity depends on functions of C1 and C4. Together with the requirement for Ca 2÷ ions for this effect, these results indicate that the classical rather than the alternative complement pathway is responsible for inactivation by GPS. Zymosan is a potent activator of the alternative complement pathway and treatment of serum with it results in selective consumption of C3 and C5 (Inai et al., 1976; Fearon & Austen, 1977) . Zymosan-treated GPS did not inactivate influenza B virus but the inactivation effect was exhibited by the addition of C4-deficient GPS, suggesting that completion of the C3 step in the classical complement pathway may be essential for inactivation. It remains to be determined whether the classical complement pathway is needed alone or together with the membrane attack pathway for inactivation by GPS. The classical complement pathway is generally triggered by antibody in complexes with viral antigen (Cooper, 1984) . Recently Beebe et al. (1983) have demonstrated that human serum neutralizes influenza A/WSN via the classical complement pathway with the participation of trace antibody undetectable by HI tests. The presence of antibody seems less likely in our system, since (i) absorption of putative antibody with concentrated virus particles has no effect on the inactivation activity of GPS and (ii) isolated C1 alone binds to influenza B virus. Several lines of evidence have also demonstrated that the classical pathway is activated by the interaction of C1 with different substances including a polypeptide located on the external surface of virus, polyanions such as RNA or DNA, certain cellular membranes, and lipid A of lipopolysaccharides (Cooper, 1984) .
GPS C1 appears to interact directly with the HA and/or NA glycoproteins, leading to the activation of complement system, since they are located externally on the envelope of influenza B virus. When more than 97 % of NA activity was removed from the virions by trypsin digestion, the inactivation activity of G PS was not significantly affected, suggesting that interaction of HA with complement is sufficient to inactivate the virus. The carbohydrate moieties of HA and NA are determined by the host cells in which the virus is grown. Since MDCK cell-and egg-grown influenza B viruses were inactivated to a similar extent by GPS, it is likely that C1 interacts directly with the protein moiety of the HA glycoprotein to activate the classical complement pathway.
C1 is composed of one molecule of Clq (mol. wt. 400000), two molecules of Clr (mol. wt. 190 000) and two molecules of C1 s (mol. wt. 88 000) and both C 1 r and C1 s associate with C 1 q via a Ca 2÷ ion, which recognizes the activator (Cooper, 1979) . The binding of C1 to influenza B virus inhibited its HA activity, and the dissociation of Clr and Cls from virion-bound Clq by EDTA treatment restored HA activity; this suggests that binding of C1 to influenza B virus causes steric hindrance of the attachment of HA to the receptor on the red cell surface and that this event requires the cooperation of all three C1 subunits. Nevertheless, C1 was unable to prevent infection by influenza B virus, and neither did C4-deficient GPS. One explanation for this may be that saturation of the virus particle with C 1 leaves active HA exposed at one site on the virus surface, allowing binding of the virus to cell receptors but no haemagglutination. In contrast, GPS inhibited both HA activity and infectivity at 37 °C and these activities were not restored by the addition of EDTA. Activation of the classical complement pathway may result in the deposition of complement proteins all over the virus surface, leading to steric hindrance of attachment of HA to the cell receptor, or virus destruction.
Influenza A and B viruses resemble each other in many structural and biological properties, but the complement system of GPS did not inactivate influenza A virus. Further study of the response of GPS complement to influenza A and B viruses will provide more information as to the mechanism of activation of the classical complement pathway.
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